634

JOURNAL OF APPLIED METEOROLOGY

VoLuME 39

Model Calculations and Interferometer M easurements of |ce-Cloud Char acteristics

* SUNGGI CHUNG, STEVEN ACKERMAN, AND PauL F vAN DELST

Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin—Madison, Madison, Wisconsin

W. PAuL MENZEL

National Oceanic and Atmospheric Administration National Environmental Satellite, Data, and Information Service
Office of Research and Applications, Madison, Wisconsin

(Manuscript received 2 September 1998, in final form 24 May 1999)

ABSTRACT

This paper investigates the relationship between high—spectral resolution infrared (IR) radiances and the
microphysical and macrophysical properties of cirrus clouds. Through use of radiosonde measurements of the
atmospheric state at the Department of Energy’s Atmospheric Radiation M easurement Program site, high—spectral
resolution IR radiances are calculated by combining trace gas absorption optical depths from a line-by-line
radiative transfer model with the discrete ordinate radiative transfer (DISORT) method. The sensitivity of the
high—spectral resolution IR radiances to particle size, ice-water path, cloud-top location, cloud thickness, and
multilayered cloud conditions is estimated in a multitude of calculations.

DISORT calculations and interferometer measurements of cirrus ice cloud between 700 and 1300 cm~* are
compared for three different situations. The measurements were made with the High—Spectral Resolution In-
terferometer Sounder mounted on a National Aeronautics and Space Administration ER-2 aircraft flying at 20-
km altitude during the Subsonic Aircraft Contrail and Cloud Effects Special Study (SUCCESS).

1. Introduction

The importance of cirrusto the earth radiation budget
has been established (Stephens and Webster 1981; Liou
1986). The global distributions of ice-water content and
crystal size of cirrus are needed to improve the repre-
sentation of cirrus in climate models. Such a charac-
terization is expected to come by interpreting the sat-
ellite measurements of the infrared (IR) radiance. In the
next several years, the Atmospheric Infrared Radiation
Sounder on the Earth Observing System (EOS)-PM
platform in 2002 and the Infrared Atmospheric Sound-
ing Interferometer on the Meteorological Operational
Platform (METOP) in 2003 will place high—spectral res-
olution infrared sounders into polar orbit. Also, the
Moderate-Resolution Imaging Spectroradiometer will
introduce high—spatial resolution global imaging in cir-
rus-sensitive spectral bands on EOS-AM (launched in
1999) and subsequently on EOS-PM. This paper inves-
tigates the extent to which these future remote sensing
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systems will be able to infer ice-particle size and ice-
water paths of cirrus so that the effect of these clouds
on the earth radiation budget will be understood more
fully.

Asafirst step, an algorithm for retrieving cirrus prop-
erties has been devel oped based on the discrete ordinate
radiative transfer (DISORT) method to build a reliable
means of characterizing cirrus cloud from remote sens-
ing. At this initial stage, the particles are treated as
spheres and the scattering function is approximated by
the Henyey—Greenstein function, although more real-
istic representations are becoming available (Stephens
1980; Takano et a. 1992). The computational procedure
with spheres is simple and well established. For this
reason, this set of calculations will serve a useful pur-
pose for comparison when cal cul ations are repeated with
more realistic shapes. The retrieval performance of this
algorithm is assessed by comparing with the High—Spec-
tral Resolution Interferometer Sounder (HIS) measure-
ments (Ackerman et al. 1990; Smith et al. 1993, 1998)
because the atmospheric conditions and the cloud ge-
ometry are well known at the time of these HIS mea-
surements. The cloud parameters are inferred by min-
imizing the difference between theoretical calculations
and the interferometer observations in the wavenumber
range of 700—1300 cm~* by visual inspection. This pro-
cess also is guided by the root-mean-square (rms) de-
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viation between the calculation and observation. The
accuracy of the retrieved effective microphysical prop-
erties is tied fundamentally to accurate specification of
the cloud boundaries. In the referenced studies, cloud
boundaries were specified with lidar measurements. In
the absence of a lidar, a single cloud effective altitude
may be assigned using the carbon dioxide (CO,) slicing
method (Smith and Frey 1990).

A description of the DISORT model is presented in
section 2. The sensitivity of high—spectral resolution IR
observations to cirrus cloud microphysical and macro-
physical properties with simulated datasets is investi-
gated in section 3. Particle size and ice-water path are
explored in sections 3a and 3b, respectively. Section 3¢
investigates the sensitivity of high—spectral resolution
measurementsto cloud property retrieval in the presence
of errors in cloud boundary assignment. Simulations
showing the errors associated with retrieval s under mul-
tilayered cloud conditions are presented in section 3d.
Section 3e describes simulations that assess the sensi-
tivity of the high—spectral resolution measurements to
vertical variations in cloud particle size.

Comparisons between HIS measurements and the cur-
rent calculations, along with the retrieved effective par-
ticle size and ice-water path, are presented in section 4.
Conclusions are made in section 5.

2. Calculation of emitted spectra for ice clouds

The differential equation for radiative transfer iswell
known (Chandrasekhar 1960; Stamnes et al. 1988; Tsay
et a. 1990). Using the algorithm of Stamnes et al.
(1988),

du,(7,, m, ¢)
7’

dr = U,,(TV, M d)) - SV(TV’ M d))! (1)

where u,(7,, u, ¢) is the (specific) intensity of mono-
chromatic frequency v in the plane-parallel layer of op-
tical depth 7, in the direction of (u, ¢). Here ¢ isthe
azimuthal angle, and w is the cosine of the zenith angle.
The source function S, consists of

S(1,, m ¢) = %f dqﬁ’f du’

X P(7, o @7 'y &7, 1, &)
+ Q7 1, 9), (2

where w, isthe single scattering albedoand P (7, u, ¢;
1, ¢") isthe phase function. Thefirst term on theright-
hand side of the equation represents the multiple scat-
tering. The second term represents the internal source
and generally is written as
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Q7 s @) = Qrm(r,, w, ¢)

+ Qe 1, B) ©
Qe (7, u, ) = [1 — 0,(7,)]B(T), ad (4
ngeem)(q-w My d)) = %’;V)“ncpy(q}, M d)’ ~ Mo ¢0)

X exp(—T,/ o), ®)

where B,(T) is the Planck function at temperature T,
Q®=m grises from the usual distinction between direct
and diffuse radiation, and I’ and u,,¢, are the incident
intensity and the solar angles, respectively.
In the DISORT method, the scattering phase function
is expanded by the Legendre polynomials as
2N—1
P(r,, cos0) = X (2€ + 1)g.(7,)P,(cos0), (6)
=0
where
cos® = pp' + [(1 — p?)(1 — u'?) cos(¢ — ¢")]V2.
()
Accordingly, the intensity function is expanded as

2N—1
u(7,, p, @) = 20 up(r,, n) cofm(d, — @)1.  (8)
In this work, Eqg. (1) is solved for one wavenumber at
a time from 700.0 to 1300.0 cm~* in steps of 0.1 cm—*
using the DISORT algorithm of Stamnes et al. 1988.
The number of expansion terms 2N in Egs. (6) and (8)
is relevant to the accuracy of the numerical integration
by Gaussian quadrature. Calculations with N equal to
16, 24, and 32 produce results within 0.02% of one
another among the three setsin the entire range of 700—
1300 cm~*; as computer time was a minimal constraint,
however, N = 24 (instead of N = 16) was adopted in
this work. Contributions to the source function Q®e=m
in EqQ. (3) from the sun are presumed to be insignificant
in the infrared range between 700 and 1300 cm—* and
are ignored. The phase function is approximated by the
Henyey—Greenstein function so that g,(r,) in Eq. (6) is
replaced by the ¢th power of the asymmetry factor, that
is,
9(7.) = Gagm(7.)- 9)
The extinction coefficient (and hence 7,), the single-
scattering albedo w,,, and the asymmetry factor g,,,(7,)
are computed from Mie calculations for various clouds,
assuming a Deirmendjian-type distribution function
(Deirmendjian 1964) at radial distancer,

n(r) = ar« exp(—br). (10)
If the peak of the distribution function occursat r, then
b= al,. (11)

In this work, « is chosen to be 6. The normalization
constant is given by
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o (a+1)
a= <r_) (a). (12
The ice particle is assumed to be spherical, and the
particle size is measured in terms of the effectiveradius,

defined as
J n(r)r3 dr
0

Mt = 70— (13
f n(r)rz dr

The atmospheric temperature, pressure, and relative hu-
midity as a function of the altitude are inferred from
radiosondes launched from the Department of Energy
Atmospheric Radiation Measurement (ARM) Program
site (Lesht 1995). The clear-sky optical depths are com-
puted as the integral sum of the absorption by water
(H,0) and other atmospheric molecules using a line-
by-line radiative transfer model (LBLRTM) (Clough et
al. 1992). The atmosphere (0.315-20.0 km) is divided
into 56 layers so that the temperature difference across
any boundary is no greater than 3.5 K. The theoretical
calculations of spectra in ice-cloud situations are per-
formed using the DISORT method (Stamnes et al.
1988).

3. Sensitivity studies

The particle effective size r and the ice-water path
(IWP) are important cirrus microphysical propertiesfor
radiative transfer. The cloud-top and -base altitudes also
are important as they define the effective cloud tem-
perature. This section examines how the cloud forcing
is affected by these characteristic parameters. Cloud
forcing is defined as the difference of upwelling radi-
ance of the clear and cloudy skies, expressed asabright-
ness temperature. This difference is due solely to the
presence of the cirrus cloud as an identical atmospheric
condition is assumed in both cases. The shape of the
cirrus ice crystals also is important in the IR region
(Takano et al. 1992), but it is beyond the scope of this
paper to examine the effect of shape.

a. lce-particle size (ry)

Variationsin the cloud forcing spectra, resulting from
the presence of a cirrus cloud, were investigated as a
function of effective particle sizer;. The DISORT cal-
culation was performed for a 0.8-km-thick cloud layer
at a cloud-top atitude of 10.8 km with an IWP of 10.0
g m2, Here and elsewhere, alayer of cloud is assumed
to haveauniformr ., and water density. Figure 1ashows
the variation of the cloud forcing as a function of r;,
ranging from 4.5 to 22.5 um. In the IR window region
between 800 and 900 cm~1, the cloud forcing increases
from 20 K for 22.5-um ice particles to more than 65 K
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for 4.5-um ice particles; the smaller particles cause
more attenuation in the IR window radiation for a fixed
IWP The spectral change in cloud forcing from 800 to
1000 cm~* shows a pronounced S shape for smaller ice
particles (less than 10 wm), which becomes more linear
for larger ice particles (greater than 10 wm). This S
shape was reported previously by Smith et al. (1998)
for 7.0-um ice particles. This characteristic shape of the
spectral cloud forcing between 800 and 1000 cm~* for
small and large ice particles is useful for distinguishing
the ice-particle size ranges of cirrus clouds. Between
1100 and 1200 cm-* the cloud forcing increases from
about 15 to 40 K with decreasing ice-particle size, but
there are no pronounced differences in the shape as r
is varied. In fact, in this range of wavenumbers, the
cloud forcing is nearly constant as a function of wave-
number. Figure 1b is a companion plot to Fig. 1a in
which the optical depth is kept constant (rather than the
ice-water path). The variations of cloud forcing with the
effective radius of ice particle are shown. The same
general characteristics of Fig. 1la are apparent also in
Fig. 1b.

Three radiative parameters are affected by a change
of ry: the optical depth, albedo, and asymmetry factor.
The cloud forcing between 800 and 1000 cm~* is af-
fected more by changes in 7 than by changes in w or
Oaym- Thus, qualitatively speaking, the variation of r
manifests itself mainly through changes in 7 between
800 and 1000 cm~*. On the other hand, changes in all
three parameters affect the region between 1100 and
1200 cm1.

b. Ice-water path and cloud opaqueness

The attenuation of radiation increases with increasing
IWP and is wavenumber dependent. Figure 2 shows the
spectral variation of the cloud forcing as IWP changes
but r is fixed at 7.5 um. Cloud forcing at 1000 cm~*
increases from about 20 to 75 K as WP increases from
7 to 80 g m~2; the corresponding change at 800 cm~*
is 40—75 K. Large IWP renders the cloud opaque and
the spectral cloud forcing becomes almost constant. The
S shape of the cloud forcing is seen clearly for IWP
equal to 7.0 and 15.0 g m~2 but is much less pronounced
at IWP equal to 22.5-30.0 g m=2. For IWP equal to
80.0 g m~2 the cloud forcing shows very little spectral
dependence, and the cloud appears to be opague. In this
paper, a cloud is called opaque if the brightness tem-
perature changes by less than 1 K across the spectrum
as the underlying atmosphere changes with regard to
temperature or humidity or the presence/absence of a
lower layer of cloud. With this definition, clouds of r
equal to 7.5, 15.0, and 30.0 um become opague when
the WP exceeds about 45, 70, and 130 g m~2, respec-
tively.

c. Cloud altitude and thickness

Difficulties in defining the cloud atitude increase the
uncertainty in the retrieved cloud properties. The cloud
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Fic. 1. The sensitivity of cloud forcing to the effective radius of cirrus cloud. Cloud forcing is defined as the brightness temperature difference
between a clear- and a cloud-sky radiance. Eight different effective radii are assumed; they are (from the top curve to the bottom) 4.5, 6.0, 7.5,
9.0, 12.0, 15.0, 18.75, and 22.5 um. In () the cloud has a constant IWP of 10 g m=2, a cloud-top dtitude of 10.8 km, and a thickness of 0.8
km. In (b) the cloud has a constant optical depth of 0.5 at 1000 cm~*, a cloud-top altitude of 10.8 km, and a thickness of 0.8 km.

boundaries when measured by lidar contribute mini-
mally to the overal error in the retrieved values. On
the other hand, when CO, slicing is used, some uncer-
tainty is expected. For example, in the cloud-top altitude
measurements by CO,, slicing, Frey et al. (1999) report
an rms deviation of 500 m from lidar atitude. To es-

timate the impact of uncertainty in cloud-top atitude,
areference upwelling radiance was computed for a1.1-
km-thick cloud (ry; = 30 um and IWP = 20 g m~2) at
a cloud-top altitude of 11.1 km. The IWP was retrieved
by minimizing the cloud-forcing difference between the
reference and the calculated spectra in the 700—1300
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Fic. 2. Cloud forcing as a function of wavenumber for five different IWPs: 80, 30, 22.5, 15, and 7.0 g m~2 (from top to bottom). The
clouds have the same r; of 7.5 um, a cloud-top altitude of 10.8 km, and a thickness of 0.8 km.

cm-tregion. The IWP retrieval s assumed aknown clear-
sky spectrum, cloud thickness of 1.1 km, and an r; of
30 um. Figure 3 shows the error in the retrieved IWP
as a function of the specified cloud-top altitude. An
uncertainty of about 1.1 km in altitude leads to an IWP
error of approximately 2 g m=2 (about 10%). As ex-
pected, assuming the cloud is too high resultsin alower
valuefor theretrieved IWP, and thus more radiancefrom
below the cloud is transmitted to match the simulated
observation. Assuming the cloud altitude is too low re-

32

sults in a retrieved IWP that is too large. The error is
a nonlinear function with assumed cloud-top altitude;
assuming the cloud is at 7.8 km increases the IWP error
to 10 g m~2 (about 50%). This numerical experiment
was continued with smaller effective radii. For a given
wrong altitude, reproduction of the reference spectrum
becomes increasingly difficult as r is decreased, so
that with r; equal to 7.5 wm and the wrong altitude of
9.0 km (in comparison with the 10.0-km reference), the
best reproduction has deviations from the reference

30 o)
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22 o)
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Retrieved IWP (g m™)
0

O

7 8 9 10

1 12 13 14

Assumed (wrong) Cloud-top Height (km)

Fic. 3. Errors in retrieved IWP if the cloud-top altitude is assigned incorrectly during the
retrieval. The ice cloud has an IWP of 20 g m2, an effective radius of 30 wm, and exists between

11.1 and 10.0 km.
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Fic. 4. Cloud forcing as a function of wavenumber for different cloud-base altitudes of 12.1, 11.1, 10.0, 8.9, and 7.8, and 6.6 km (from
top to bottom). The cloud has a constant IWP of 10 g m~2 and an effective radius of 10.5 um. The cloud-top altitude is 13.1 km.

spectrum of about =3 K. Thus, the sensitivity (error
due) to the wrong altitude increases with smaller effec-
tive radii of cirrus cloud.

The sensitivity of the cloud-forcing spectrum with
respect to the cloud thickness also was investigated. For
agiven cloud top (13.1 km) and IWP (10.0 g m2), the
cloud-base altitude was varied from 12.1 to 6.6 km.
Figure 4 shows the cloud-forcing spectrum asafunction
of the cloud-base (or cloud thickness). A 1-km error in
cloud thickness leads to a decrease of cloud forcing of
about 1.5 and 0.7 K in the wavenumber regions 800—
1000 and 1100-1200 cm~*, respectively. In comparison
with the 5-50-K changes with particle size (see Fig. 1a),
changes of 1.5 K or less indicate a relative insensitivity
to the thickness of the cloud for fixed IWP

d. Multilayered clouds

It is not unusual for a water cloud to exist below a
cirrus cloud. To assess the IWP error caused by assum-
ing a single-layered cirrus in a multilayered cloud con-
dition, three sets of numerical experiments were un-
dertaken. The upwelling radiances were computed for
acirrus layer (rgy = 7.5 um; IWP = 10, 20, or 40 g
m~-2) at 11.1-10.0 km, with an underlying water cloud
[rgr = 20 pm; liquid water path (LWP) = 30 g m2]
at the cloud-top altitudes ranging from 3.1 to 5.0 km
with cloud thickness of approximately 1 km. In each
case, IWP and r; were retrieved for an isolated cirrus
cloud (the underlying water cloud is assumed to be un-
detected). The underlying cloud decreases the radiance

at the cirrus cloud base and the retrieved cirrus IWP
always is greater than the true value. Figure 5 shows
the increase in the retrieved cirrus IWP as a function of
the altitude of the unseen water cloud below. Not sur-
prisingly, thin cirrus (IWP = 10 g m~2) are more sus-
ceptible to changes in underlying conditions than are
thick cirrus (IWP = 40 g m~2); retrieved thin-cirrus
IWP ranges from 14.5 to 19.5 g m~2 (with the retrieved
r4 between 9.6 and 10.875 wm), and thick-cirrus IWP
ranges from 44 to 47 g m—2 (with the retrieved r; be-
tween 8.025 and 8.625 um). The unseen water cloud at
5.0 km causes a greater change in the cirrus IWP than
does the unseen water cloud at 3.1 km, because the
emitting layer becomes colder with altitude.

e. Vertical variations in cloud-particle size

Most passive IR retrieval methods assume the cloud
microphysics is distributed uniformly within the cloud.
From several example replicator profiles introduced by
Heymsfield (1999), there is the suggestion that a nom-
inal midlatitude cirrus cloud can be thought of as having
three layers. The upper 1 km consists of small 10- to
50-um ice spheres, the next 1 km has large 300-um
columns, and the bottom 2 km reveal medium 150-um
aggregates, bullets, and rosettes. This section investi-
gates the sensitivity of the high—spectral resolution ra-
diances to the vertical distribution of particle sizein the
upper layers of a cirrus cloud with constant IWP For
these calculations, the cloud is divided into two layers;
the upper layer occupies 11.1-10.0 km and the lower
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Fic. 5. Errorsin retrieved IWP for a multilayered cloud condition, if a single 1-km-thick lower
water-cloud layer is present but not accounted for. The cirrus cloud has an effective radius of
7.5 um and exists between 11.1 and 10.0 km. The lower water cloud is approximately 1-km
thick at altitudes ranging from 3.1 to 5.0 km and has an LWP of 30 g m~2 and an effective radius
of 20 um. The retrieved errors are shown for three cirrus IWP conditions: 40, 20, and 10 g m=2.

layer goes from 10.0 to 8.9 km. One layer is composed
of small particles (r4 = 9.0 um) and the other haslarge
particles (r4 = 22.5 um); both layers have the same
IWP (5 g m=2). The cloud forcing of *‘small particle
over large” and ‘‘large particle over small” is investi-
gated. With the two layers placed at 10.0 and 11.1 km,
calculations show that the cloud forcing by small over
largeisgreater by 1-2 K than by large over small. Figure
6 shows the cloud forcing from these two cloud con-
figurations; the net cloud forcing is similar to that of an
ice cloud of particle size of about 13 um. For this case
study, it appears that the thin—cirrus cloud forcing is
relatively insensitive to vertical variationsin cloud par-

38

ticle size and is weighted toward the smaller particle
size in average behavior.

4. Comparison with HI'S measurements

This section presents comparisons of theoretical cal-
culations of cirrus ice-cloud forcing and interferometer
measurements between 700 and 1300 cm-* for three
different ice-cloud situations. The upwelling radiance
spectra were observed by the HIS instrument mounted
on a National Aeronautics and Space Administration
(NASA) ER-2 aircraft flying at 20 km during the Sub-
sonic Aircraft Contrail and Cloud Effects Special Study

34
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Fic. 6. The sensitivity of cloud forcing to variations in the vertical distribution of effective
radius. Cloud forcing is defined as the brightness temperature difference between a clear-sky and
a cloudy-sky radiance. In the top curve, the upper cloud layer has an effective radius of 9.0 um
and the lower layer has an effective radius of 22.5 um. The particle sizes are reversed in the
lower curve. The cloud has a constant IWP of 10 g m=2 and lies between 11.1 and 8.9 km.
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(SUCCESS) on 21 April 1996 over the U.S. southern
Great Plains. The HIS instrument is a Michelson inter-
ferometer with a spectral resolving power (A/A)) of
approximately 3000, covering the spectral range from
3.7 to 16.7 um. The HIS spectra have an unapodized
resol ution of approximately 0.35 cm-* from 600 to 1100
cm-* and 0.7-cm~* resolution from 1100 to 2700 cm~2.
Integrated high-emissivity, temperature-controlled ref-
erence blackbodies are used for an absolute calibration.
The HIS instrument has a noise equivalent temperature
and reproducibility of about 0.1-0.2 K over much of
the spectrum. Revercomb et al. (1988) provide adetailed
description of the instrument; Smith et al. (1998) report
on the interferometer measurements from SUCCESS.
Since the DISORT resolution (0.1 cm=t) is different
from that of HIS, for the purpose of comparisons, the
former spectra are convoluted to the latter resolution
using the HIS spectral response function.

Data from SUCCESS clouds labeled as 963, 990, and
998 (from 2024:50 UTC, 2029:20 UTC, and 2031:17
UTC, respectively, during the 21 April 1996 flight) were
investigated. The HIS cloud forcing was determined us-
ing the observed spectra for cloudy and clear sky; the
time between the measurements of the clear and cloudy
skies is less than 20 min. DISORT calculations were
performed using the radiosonde data from the ARM-
site launch at 2030:00 UTC (the ARM site is within
150 km of the three clouds).

The DISORT calculation used the cloud (top and
base) altitudes provided independently by the cloud and
aerosol lidar system flying on the ER-2 aircraft (Spin-
hirne et al. 1996). Atmospheric temperature, pressure,
and relative humidity were measured with the ARM-
site radiosondes (Lesht 1995). These data were used to
compute the optical depths from the atmospheric gases
by using LBLRTM, which, in turn, become a part of
the input data to DISORT. The extinction coefficient,
single-scattering albedo, and asymmetry factor of the
clouds are determined from the Mie calculations with
the distribution function and the effective radius shown
in Egs. (10) and (13), respectively.

Retrieval of the effective radius and ice-water path
was made by the following procedure. Numerous spec-
tra were produced by DISORT from various combina-
tions of r, and IWP, which are compared with the cor-
responding HIS spectra for a ““best” reproduction of
HIS spectra. Although a wide range of wavenumbersis
used in comparison, no claim can be made that a unique
r4 and IWP can be retrieved. The rms deviations are
considered in this retrieval process; they are based on
spectral measurements and cal cul ations at approximate-
ly 725 and 210 wavenumbersin the 800—1000 cm-* and
1150-1200 cm~* regions, respectively.

SUCCESS Cloud 998, observed at 2031:17 UTC on
21 April 1996, consists of two layers: one extends from
11.445 t0 10.530 km (implying athickness for the upper
cloud of 0.915 km), and the other is found between
2.355 and 2.130 km (0.225-km thick). Here, two layers
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of Cloud 998 are assumed to have the same composition
(i.e.,, samer), so that the retrieved IWP represents the
entire composite (two-layered) cloud. The ry, and IWP
are retrieved by matching the DISORT calculation to
the HIS measurements, aided by rms calculations. Close
agreement between the HIS measurement and DISORT
calculation is found to occur with an r; in the range of
7.2-7.7 um and with IWP in the range of 6.6-7.1 g
m-2. The rms differences of observed and calculated
spectra are less than 1.5 K in 800—1000 cm—* and 2.5
K in 1150-1250 cm~*. Figure 7 shows the HI S spectrum
and the DISORT calculation with r of 7.35 um and
IWP equal to 6.85 gm~2. To makeit easier to distinguish
the two spectra, 10 K is added to the HIS spectra in
Fig. 7 (asoin Figs. 8 and 9). The difference of the two
spectra is shown as a third spectra near the bottom of
the figure. The unusual inverted S shape in 800—1000
cm-1, characteristic of small—particle size cirrus clouds,
is apparent. As mentioned earlier, Smith et al. (1998)
have reported an observation of this S shape and its
association with small-particle cirrus. Their retrieved
value of r equal to 7.0 um isin good agreement with
the current calculation.

SUCCESS cloud 990, observed at 2029:20 UTC on
21 April 1996, is composed of layers at 10.515-9.690,
8.820—7.365, and 1.665-1.260 km. Again, a composite
IWP for all three layersis retrieved. The best DISORT
result is obtained with r of 37.5 um and IWP equal
to 55.0 g m~2; rms differences of observed and calcu-
lated spectra are 1.9 K (800-1000 cm-*) and 4.1 K
(11501250 cm~—*). Figure 8 shows the comparison be-
tween the HIS observation and the DISORT calculation.
In contrast to the small-particle cirrus of Fig. 7, alarger-
particle cirrus appears to be less sensitive to ry, and
IWP and the quality of the comparison does not change
greatly asr; changes by 10.0 um or IWP changes by
10 g m=2. SUCCESS cloud 963, observed at 2024:50
UTC on 21 April 1996, has three layers from 10.830
to 9.600 km, 9.255 to 7.950 km, and 7.575 to 7.305
km. The current calculations suggest r; is37.5 um and
the three-layer composite IWP is 604 g m=2; rms dif-
ferences are 1.8 K (800—1000 cm~*) and 4.5 K (1150—
1250 cm~*). Both calculated and observed spectra of
cloud forcing are shown in Fig. 9. The ground temper-
ature was 295.2 K and the temperature at the top of the
atmosphere (20 km) was 216.7 K so that the cloud forc-
ing in excess of 70 K seen in Fig. 9 indicates that this
cloud isalmost completely opaque. In theselarge optical
depths, the cloud forcing is insensitive to ry and IWP;
therefore, the retrieved r, and IWP are subject to much
greater uncertainty. No markedly different spectra are
produced by changes of ry within 10.0 um or IWP
within 50 g m-2for cloud 963. The cloud forcing spectra
of clouds 990 and 963 in Figs. 8 and 9 also are nearly
constant with wavenumber between 800 and 1000 cm~—*
in contrast with cloud 998 in Fig. 7.

One may speculate that the assumption of spherical
ice particles may be more forgiving in the smaller-par-
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Fic. 7. Cloud forcing as a function of wavenumber for an HIS observed spectrum during the
SUCCESS experiment (cloud 998) and results from a DISORT calculation with an effective
radius of 7.35 um and an IWP of 6.85 g m=2. Here, 10 K is added to the HIS spectrum (top)
for clearer distinction from the DISORT calculation (middle). The bottom spectrum is the dif-

ference between the two at wavenumbers of HIS resolution used in the rms calculation.

ticle case (cloud 998) than in larger-particle cases(cloud
990 or 963), because the comparison with HIS data is
much better in cloud 998 than in the other cases. Further
case studies are planned to explore this premise and to
validate the use of Henyey—Greenstein functions.

5. Conclusions

Calculations of high—spectral resolution IR radiances
in cirrus cloud situations indicate that cloud forcing
(clear minus cloudy) spectra are sensitive to ice-particle
size, ice-water path, and cloud altitude. They are less
sensitive to cloud thickness and lower-layer clouds.

A numerical procedure based on the DISORT algo-

rithm is used to retrieve the effective radius and ice-
water path of cloud layers. The state of the atmosphere
(temperature and H,O profiles and optical depths of
other atmospheric gases) is assumed to be known. The
cloud boundaries in this work are determined by the
airborne lidar system; alternatively, the CO,-slicing
method can be used with 500-m uncertainty (see section
3c). Ice particles were treated as spheres, and the scat-
tering function was approximated by the Henyey—
Greenstein function; future model calculations will in-
corporate more realistic particle shapes and scattering
functions.

The best sets of effective radius and ice-water path
can reproduce the observed HIS cloud forcing to within

w
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FiG. 8. Same as Fig. 7 but for cloud 990 and results from a DISORT calculation with an
effective radius of 37.5 um and an IWP of 55 g m=2.
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Fic. 9. Same as Fig. 7 but for cloud 963 and results from a DISORT calculation with an
effective radius of 37.5 um and an IWP of 604 g m=2,

2 K in 800—1000 cm~* and to within 4.5 K in 1150—
1250 cm~* for both small (r4 < 10 um)- and large (r 4
> 10 wm)-particle clouds. Measured HIS spectra have
been used to infer a range of ice particle sizes between
7.5 and 37.5 um with ice-water paths between 10 and
600 g m~2. The reasonable reproduction in a wide win-
dow region shows the reliability of the DISORT-based
algorithm. This process becomes less reliable, however,
as the cloud opagueness increases. Clouds with WP
greater than 50 g m=2 (130 g m=2) and small (large)
particles of ry of 7.5 um (r4 = 30um) are found to
be opaque (see section 3b).

One conclusion from these comparisons of measured
and calculated spectraisthat pending high—spectral res-
olution sounders in polar orbit on EOS and METOP
will be capable of characterizing both r, and IWP with
20%—-30% variation in the estimated values.

Another conclusion is that broadband (from 10 to 20
cm-* resolution) measurements from the pending EOS
imagers have the potential to distinguish large (>10
um)— from small (<10 uwm)—particle size cirrus clouds.
It has been found that cirrus clouds with small ice par-
ticles exhibit anonlinear S-shaped cloud forcing in 800—
1000 cm~* that gradually disappears as the particle size
isincreased. Utilizing this characteristic shape, three or
four broadband measurements in the IR window region
between 800 and 1000 cm~* can be used for a rough
distinction between the large— and small—particle size
cirrus as well as IWP estimates. The spectra from 1000
to 1300 cm~* do not show strong spectral dependence
onr and IWP; hence this spectral region may be useful
for retrieving complementary optical depths. Suitable
imager applications may include detection and mapping
of the global distribution of aircraft contrails as well as
cirrus clouds.
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